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Foreword

Advances in electrical current collection

I. R. MCNAB

Electrotechnology Department, Westinghouse Electric Corporation Research and Devel-
opment Center, 1310 Beulah Road, Pittsburgh, PA 16235 (U.S.A.)

(Received December 1, 1981)

During the last decade, substantial advances have taken place in several
areas of technology concerned with the transfer of electrical current across
sliding interfaces. The requirement to transfer current from moving metal
surfaces to sliding conductors is essential for many electrical machines, and
research in this field goes back to the earliest days of the electrical industry.

In recent years several advanced rotating and linear electrical machine
concepts have been developed which depend for their success on the efficient
transfer of current across sliding interfaces. For example, the steady state
operation of brushes at 8 MA m™2 is the goal for advanced land or sea pro-
pulsion machinery. Even higher current densities (18 MA m~2) and speeds
(300 m s~1) are required for the subsccond operation of inertial storage
pulsed power sources. Speeds and current densities moxe than an ordey of
masitude higher, although for millisecond pulses, may prove to be necessaxy
for linear electromagnetic projectile accelerators. In all these cases the
reguirement for the efficient transfer of electrical current complicates the
frictional and wear effects that take place at mechanically contacting sliding
interfaces.

In the U.S.A. the major research and development offorts during the
Jast few yeass have been centered on the David Taylor Naval Ship Research
and Development Center, Annspolis, MDD, and at Westinghouse Research and
Development Center, Pittsburgh, PA. The former effort focused on the use
of liquid metal technigues while the research of the Westinghouse seientists,
and their colleagues in ussociated universities, has been concentrated on soiid
oy multielement brush techniques. The Westinghouse programn was supported
by the Materials Science Office of the Advanced Resesrch Projects Agency
of the U.S. Department of Defense (DARPA) and wuimnitored by the Office
of Naval Research {ONR). Throughout the program regular Workshop meet-
~ings were heid to enable the coniributing vesearchers to meet and exchange
information. However, siince attendance at these Workshops was limited and
the proceedings were not published, it was decided to held a fall Interna.

tional Conference at which a combinution of resexrchers, manufacturers and
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users could interact to discuss the recent advances in this field. This con-
ference, cosponsored by the Office of Naval Research and by Westinghouse
Electric Corporation, was held in Chicago on September 23 - 25, 1981.
Although relatively small in numbers, with approximately 60 attendees, the
Conference brought together active experts in this field from the U.S.A.,
Canada, France, Gt. Britain and China, and two papers were submitted from
the U.S.S.R. In view of the difficulties inherent in this subject it is likely
that the combined efforts of these international experts with their spectrum
of research and industrial perspectives will be needed to enable further
progress in this subject to be made.

Substantial advances in liquid metal current collection techniques have
been made during the last decade under the auspices of the U.S. Navy
program. The work reported here shows that the use of the “narrow gap”
collector geometry, based on the use of surface tension effects in a metallic
braid that is virtually in touching contact with the rotor surface, enables the
problems associated with liquid metal expulsion as a result of the J X B
forces to be solved, and long term stable operation has been demonstrated.
The major problem with liquid metals is the choice of fluids available, most
of which have significant disadvantagss. Sodium and potassium and their
alloys (Na~K) are very reactive chemically while mercury is toxic and
Ga~In alloys form contact-disrupting black powder oxides in oxygen-
containing atmospheres. Despite the excellent performance observed in care-
fully controlled laboratory conditions, these considerations are likely to
limit the practical use of liguid metals. Some work reporied in this meeting
was therefore devoted to discovering whether less veactive liquid metals, such
as low melting point alloys, can e used for this application.

In most electrical machinery at present in operation, the current trang-
fer function is provided by carbon-based brushes supplied by the brugh
industry. In most cases the operation of such brushes is limited by a current
density-spead~wear loss envelope for which typical current densities and
speeds are 0.2 MA m~2? and 40w s~ %, Evsluation of the reasons for these
limitations shows that the primary cause is the bulld-up of a complex film,
mainly cuprous oxide, on the surface of the slip ring or commutator, In
addition, the choice of the carbon-basod byush is generally mandated by the
requirement to develop a high voltage to force the current to flow into a new
cireuit, i.e. to commutate, For some of the new machine applications men-
tioned above, the commutation function may not exist, or may be less
arduous, thexeby opening the way to other brugh concepts or materials,

As reported here, the work under the DARPA-ONR-Westinghouse
program has shown that solid or monolithic brushes made from relatively
conventional materials can be operated up to much higher current densities
and speeds than previously considered possible provided that (i) careful
atmosphere control (non-air) is provided, (ii) brush and environment tem-
peratures are controlled, (iii) adequate mechanical control is maintained and
(iv) optimal materials are chosen. Under these conditions several semarkable

- advances have taken place in yecent years.
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(i) Multiple brush assemblies have been operated continuously in
machines at current densities in excess of 1.5 MAm 2at 40 ms™ !,
(ii) Individual brushes have been operated in steady state conditions to
current densities of 6 MAm~2 at 15 ms™ 1,
(iii) Multiple brush assemblies have been pulsed to more than 3 MA
m?2 at40ms?,
(iv) Prototypic multiple brush modules have been pulsed at current
densities ;)f 18 MA m~2 for periods of 0.25 s with simultaneous speeds up to
280ms™".
Supporting these practical advances has been a wide range of funda-
mental studies into materials and surface physics at Westinghouse and in
associated universities. These studies have encompassed aspects such as the
following. _, }
" (i) Advanced diagnostic techniques (scanning electron microscopy,
Auger analysis etc.) are used to determine the physical state of the materials.
(ii) Theoretical and practical studies on the electrical and mechanical
effects taking place at the sliding interfaces are carried out.
(iii) Evaluations are made of materials compatibility and interactions.
(iv) New wear madels ave developed.
(v) The mechanical coaditions imposed by practical materials and
engineering limits and their effects on the sliding contact process are
evaluated.
While much has been learned, and is reported in this volume, it is cleax
that these investigations are far from complete and that more remains to be \
done if we are to reach the goal of a unified theory to explain sliding contact ' ‘,
behaviox, :
An alternative to the use of liquid metals or monolithic blocks of ; |
carbon, or metal-carbon, is the multielement contact which in its most com- ‘
mon form may utilize the “fiber" brush. Much of the eprly work in this area . !
was based on the development of carbon fibers in the 19605 when it was . :
realized by researchers in Gt. Britain that this technology would permit a o
flexible carbon brush having multiple independent contacts to be made. This
has been found to have some application in a modified form as the fringe
fiber hrush for machines operating in an arduous environment as describad
in two papers in this volume. However, for applications where low contact
voltage drovs were required, it was found to be beneficial to provide a
coating on each individual fiber, for exumple by eleciroplating, to provide a
high conductivity sheath on the high strength {iber. Although brushes have
been successfuily manufactured in this way, studies during the Westinghouse
program showed that the optimum performance may not require as many
contacts as provided by the standard 8 um diameter carbon fibers, Conse-
quently, new metal fiber brushes have been developed, with typical fiber
diametews of 126 pm. Experinments with these brushes have been very
successful showing, for example, continuous operation at very high current
densities (greater than 10 MA m~*) with very low losses and wear. An
intexesting feature of this work has been that independent groups have
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followed similar lines, with similar results. This technology has been applied
to the pulsed homopolar machine at the Naval Research Laboratory and has
shown successful operation at sliding speeds up to 475 m s !, which is
believed to be the highest peripheral speed achieved with sliding contacts in
rotational wachinery.

This same technology has also been applied to the problems found in
switch ring machines, and results obtained with a combined metal-carbon
plus metal fiber brush are described in a paper in this meeting. With this
technology, current densities of 1.5 MA m~2 were achieved on a continuous
basis. Although still at an early stage, this technology may represent the next
step in commutation technology after the carbon fiber fringe brush.

Probably the ultimate sliding contact operation is represented by the
conditions which exist in linear electromagnetic projectile accelerators. In
such systems extremely high current densities (of the order of gigaamperes
per meter squared) have to be transferred at very high speeds (of the order of
kilometers per second or more). The only feature that makes such a contact
feasible is its transient nature, usually of the order of a thousandth of a
second. Nevertheless, conditions in such contacts are very severe and gener-

ally approach melting of the contacts. Research in this field is at a very early

stage but some experimental work is reported here, together with factors
that influence the successful operation, including electromagnetic transient
eifects. (See note added in proof,)

In suminaxy, the work reported here provides a crass section of progress
in this field which has traditionally shown relatively slow growth but where
several important advances have been made in the last decade. Many of these
advances have resulted from the DARPA-ONR program and I should like to
take this opportunity to thank the Departiment of Defense program managers
for their advice and encouragement  .roughout this program, especially A,
Bement and M. R. Buckley of DARPA, and R, Seng, R. A. Burton and H. B,
Martin of ONR. The financial support offered by the ONR and Westinghouse
Electric Corporation that made this conference possible is gratefully
acknowledged. In addition, I should like to express my appreciation of the
help and advive offered in connection with the organization of this con-
forence by R. E. Armington, Chairman of the Holm Conference.

Finally, I should like to thank all the authors and participants for
making this a pleasant and rewarding meeting, and D. J. DiCesare for her
secretarial help in organizing the meeting.

Bibliography

Although the individual papers contained in this volume reference
many of the prior studies in this field, it was considered helpful to enclose
the following more compiete list.

C. A. Broniavek and O. 8. Taylov, Mechanical stability of xolid brush curreat collee:
tion systems, IEEE Trans. Powsr Appar. Syst., 99 (6) (1950) 24123.

PO

— S s Avs " v

C . sem——




Y T

-,

T TEIOEIIOS Xy e i, i

C. P. Chen and R. A. Burton, Thermoelastic effects in brushes with high current
and high sliding speeds, in Proc. Conf. on Electrical Contacts, September 1978, Illinois
Institute of Technology, Chicago, IL, 1978, p. 5671.

R. M. Garrett and G. T. Hummert, Controlled conductance current switching in
low voltage, high current DC machines, Int. Conf. on Electric Machines, Athens,
September 1980.

d. L. Johnson, Monolithic brushes for high current collection applications, in Ex-
tended Abstracts 15th Bienn. Conf. on Carbon, University of Pennsyluania, Philadelphia,
PA, June 22 - 23, 1981, pp. 318 - 319.

d. L. Johnson and O. S. Taylor, High current brushes. Part IV: machine environ-
ment tests, IEEE Trans. Components, Hybrids Manuf, Technol., 3 (March 1980) 31.

dJ. L. Johnson and L. E. Moberly, High current brushes. Part I: effect of brush and
ring materials, IEEE Trans. Components, Hybrids Manuf. Technol., 1 (March 1978) 36.

P. K. Lee, High current brush material development. Part II: metal-solid lubricant
coated wires, IEEE Trans. Components, Hybrids Menuf. Technol., 4 (March 1981) 114,

P. K. Lee, High current brush material development. Part 1: sintered metal coated
graphite, IEEE Trans. Components, Hybrids Manuf. Technol., 3 (March 1980) 4.

P. K. Lee and J. L. Johnson, High current brushes, Part II: effects of gases and
hydrocarbon vapors, IEEE Trans. Components,'Hybrids Manuf. Technel., 1 (March 1978)
40.

R. A. Marshall and R, M. Slepian, Pulsed high power brush research, III: experi-
ments at 15.56 MA/m? and 277 w/s, IEEE Trans. Components, Hybrids Manuf. Technol.,
2 (March 1979) 100,

R. A. Marshall, P. Reichner and R. M. Slepian, Current collection system:s for pulse
power homopolar machines, in Hroc. 7th Symp. on Engincering Problems of Fusion
Research, Knoxville, TN, Qctober 25 - 28, 1977, Vol. I, in IEEE Publ. 77CH1267-4-NPS,
pp. 434 - 438 (Institute of Electrical and Electronic Engineers).

I, R, MeNab, Bleetric current transfer across sliding surfaces, In N. Suh and N, Saka
(eds.), Proc. Int, Conf. on Fundamentals ef Tribology, Science Press, Princeton, NJ,
1980, p. 333,

i. R. MeNab, Recont advances in electrical cuvrent collection, Wear, 59 (1980) 259,

I R, MeNab and J, L. Johason, Brush wear, in ASME Centennial Wear (Cantrol
Handbook, American Society of Machanival Engineers, New York, 1980, Chap. 33.

L R, MceNab and W, R. Gass, High current density carbon fitier brush experiments
in humidified aiv wnd helium, IEEE Tvans. Compounents, Hybrids Manuf. Technol, 3
(March 1980) 26.

I R. MeNub and J4. L. Johnsen, High current brushes, Part HI: pesformance evatua:
tion for sintered silver graphite grades, IEEE Tyans. Components, Hybrids Maenuf,
Technol,, 2 (March 1979) 84,

I R, MeNab, Pulsed high power brush research, IEEE Trans. Componants, Hybrids
Manuf. Technol., 1 (March 1978) 30.

I. R. McNab, Pulsed high power brush research. 1 interpretation of experimental
daty, In E. K. Inall (ed.), High Power High Energy Pulse Production and Application,
Australisn National University Press, Canberra, 1978, p. 201.

1. R. MeNab, Current conduction éxperimants with single carbon libevs, in $roc.
13th Bienn. Conf. on Carbon, Irvine, CA, July 11 - 14, 1977,

E. Rabinowiez and P, Chan, Wear of sliver graphite hrushes againet various ring
materials at high curvent densitles, in Proc. Conf. Bleetrical Contacts, 1978, WHnols
Inslitute of Technology, Chicago, 1L, 1979, p. 123,

P. Reichner, Graphite function in composite brush materials, in Extended Abstracts
15th Bienn. Conf. on Carbon, University of Pennsyluvania, Philodelphia, PA, June 22 - 23,

1981, pp. 320 - 321. | |
P, Reiehner, High current tests of metal fiber brushes, IEELE Trons. Components,

Hybrids Manuf. Technol., 4 (Marh 1981) 2,

.
i




R S WAL

RISV A4 I N e

-

B AR DY ey

A T O

2y

P. Reichner, Brush contact on eccentric slip rings, IEEE Trans, Power Appar. Syst.,
100 (1) (1981) 281,

P. Reichner, Pressure-wear theory for sliding electrical contacts, IEEE Trans. Com-
ponents, Hybrids Manuf. Technol., 4 (1981) 45.

P, Reichner, Metallic brushes for extreme high current applications, IEEE Trans.
Components, Hybrids Manuf. Technol., 3 (March 1980) 21,

P. Reichner and O. S. Taylor, Shunts for high current density brushes, IEEE Trans.
Components, Hybrids Manuf. Technol., 2 (March 1979) 89.

d. Schreurs, J. L. Johnson and 1. R. McNab, Characterization of thick films formed
on slip rings during high current density operation, IEEE Trans. Components, Hybrids
Manuf. Technol., 4 (Maxch 1981) 30,

J, Schreurs, J. L. Johnson and I. R. McNab, High current brushes, Part VI: evalua-
tion of slip ring surface films, IEEE Trans. Components, Hybrids Manuf, Technol., 3
(March 1980) 83.

B. Singh and R. W. Vook, In situ AES characterization of rotating electrical con-
tacts, IEEE Trans, Components, Hybrids Manuf. Technol.,. 4 (March 1981) 36.

B. Singh, R. W. Vook and E. A. Knabbe, AES study of sulphur segregation on poly-
crystalline copper, J, Vac. Seci. Technol., 17 (1980) 29,

B, Singh and R. W. Vook, Interfacial characterization of copper slip ring wire brush
contacts, in Proc. 8th Int. Vacuum Congr., Cannes, September 1980, Vol. 11, in Vide,
Couches Minces, Suppl., 201 (1980) 441,

R. M. Slepian, High current brushes. V: subdivided monolithic brushes at very high
current levels, IEEE Trans. Components, Hybrids Manuf. Technol., 3 (March 1980) 586.

0, S. Taylor, A solid brush system as a 1.6 X 108 ampere make switch, in Extended
Abstracts 15th Bienn. Conf. on Carbon, University of Pennsylvania, Philadelphia, PA,
June 22 - 28, 1981, pp. 322 - 823,

0. S. Tayvlor and P. Reichner, Mechanical load aspects of high current brush system
design, IEEE Trans, Components, Hybrids Maruf. Technol., 2 (March 1979) 95.

R. W. Vook et al., Elemental surface composition of slip ring copper as a function
of temperature, IEEE Trans, Components, Hybrids Manuf. Technol., 3 (March 1980) 9.

Note added in proof. A fiber brush projectile has recently been accelerated to over 4 km
s~ while it transferred a current of more than 2 MA.

11 e e ikl

P




Wear, 78 (1982) 7 - 16 7

IN SITU AUGER ELECTRON SPECTROSCOPY CHARACTERIZATION
OF WET-CO,-LUBRICATED SLIDING COPPER ELECTRICAL
CONTACTS*

B. H. HWANG, B. SINGH, R. W. VOOK and J. G. ZHANG

Department of Chemical Engineering and Materials Science, Syracuse University,
Syracuse, NY 13210 (U.S.A.)

(Received November 5, 1981)

Summary

The eleccrical contact resistance, elemental surface composition and
friction of an OFHC copper slip ring rotating in contact with two high purity
copper wire brushes on different tracks were investigated in situ for heavy
and light normal contact forces under a wet CO, environment at atmospher-
ic pressure. Scanning electron microscopy was also used to characterize the
slip ring and brush suriaces. Previous work in ultrahigh vacuum showed that,
as rotation proceeded, interfacial impurities were almost totally removed and
the electrical contact resistance decreased until cold welding occurred. In the
present work, the slip ring surface was sputter cleaned (more than 95% Cu)
before contact rotation and was only slightly contaminated after rotating in
wet CO,, Both the contact resistance and the friction decreased quickly and
reached steady state values almost simultaneously in the early stages of rota-
tion. Also, cold welding phenomena did not occur, Scanning electron micro-
graphs taken after each experiment showed that the surfaces of the slip ving
tracks and the brush wire ends were much rougher when heavy normal con-
tact forces were used than in the light normal force condition. All these
results confirm that wet CO4 is an effective lubricant for Cu~Cu electrical
sliding contacts.

1. Introduction

Moct previous studies of electrical contset phenomena have been car-
ried out under normal atimospheric conditions. Recently, however, it has
been found that the electrical and mechanical properties of rotating electri-
cal contacts can be strongly influenced by the gaseous environment in which

*Paper presented at the Advanced Cuszrent Collection Conference, Chicago, IL,
U.S.A., September 23 - 25, 1981.
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they operate [1 - 3]. One particularly auspicious environment is wet CO, at
atmospheric pressure. Not only does it give rise to low values of friction and
wear but it also permits the flow of high currents across the interface [4].
In the present work, this environment was used in a study of the interface
between a copper wire brush and a rotating copper slip ring across which a
high current flowed. The elemental composition of the surface of the slip
ring was measured in situ with Auger electron spectroscopy (AES) as a func-
tion of exposure and the number of rotations in contact with the brush.
Similarly, measurements of electrical contact resistance and friction were
made. The surfaces of both the brushes and the slip ring were examined sub-
sequently by scanning electron microscopy (SEM). Both high and low
normal contact forces were used in the experiments. The results were differ-
ent from those carried out earlier under ultrahigh vacuum (UHV) conditions
in several significant ways [5].

2. Experimental details

Figure 1 shows a block diagram of the complete experimental system.
A stainless steel UHV system was used to investigate the electrical contact
phenomena associated with the rotation of a copper slip ring in contact with
two copper wire brushes running on different tracks. Residual pressures in
the low (1079 Torr) range were obtained in the baked system. The brushes
are pressed against the slip ring by means of an electrically insulated stainless
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Fig. 1. Bloek diagram of UHV system and attachmonta for the electrical sliding contact
experintonts, 4 :




steel spring. They can be removed from contacting the slip ring surface by
manipulating two linear-rotary vacuum feedthroughs. The slip ring is axially
attached to a magnetically coupled rotary feedthrough which is turned by an
a.c. motor coupled to it by a rubber belt. The slip ring is a cylinder (diame-
ter, 1 in) of OFHC (99.98%) copper and the brushes each consist of 362
copper wires {wire diameter, 0.005 in; 99.999% Cu). The whole brush—slip
ring assembly is mounted on a specimen manipulator capable of x,y,z dis-
placements. Thi: UHV system also contains an Auger cylindrical mirror
analyzer, a 3 ikeV sputter ion gun and a 90° magnetic sector partial pressure
analyzer. The details of the siip ring—-brushes assembly, UHV system and
AES measuremeats were given previously [b - 7].

The surfaces of the slip ring and wire brushes were polished smooth
with emery paper (grit 600-A), rinsed in acetone and ethanol, and then
cleaned in an ultrasenic bath for 30 min before being put in the vacuum
system. After the system was baked and pumped to a 5 X 10™? Torr pres-
sure, Auger spectra were taken from the contaminated slip ring surface (less
than 50% Cu). Argon was then introduced into the vacuum chamber through
the leak valve to a pressure of (1 - 2) X 107® Torr and the slip ring surface
was sputter cleaned for 2.5 h with a primary electron beam setting of 3000
V and 30 mA. Subsequent AES measurements showed that the slip ring
surface was almost completely cleaned (more than 99% Cu in the center
region of the bombarding ion beam).

Wet CO, at atmospheric pressure was obtained by allowing the gas
to flow through a distilled-water trap and then into the vacuum chamber
via a vacuum leak valve, The detailed procedures will be reported elsewhere
[8]. The rotating electrical contact experiment was then performed with a
current of 30 A running through the contact interfaces. An angular velocity
of about 150 rev min~! was used. During the experiment, the slip ring ws
electrically grounded by means of thick copper wires sliding on the stainless
steel axis, the neutral contact. The contact resistances between (1) the lower
brush and slip ring and (2) the upper brush and slip ring were recorded on a
dual-pen recorder. The rotational speed of the slip ring was measured with
an optical tachometer together with the input power to the motor. The
frictional force was determined from the calibrated decrease in rotational
speed of the slip ring [9]. Then the ratio of the frictional force to the sum
of the measured normal contact forces on both brushes gave the friction
coofficient u.

After 10 min of rotation, the brushes were retracted and the wet CO,
was pumped out. AES spectra of the contact surfaces were taken when a
residual gas pressure in the 10™8 Torr range was achieved after at least 80 h
of pumping. Subsequent sputtering was carried out and AES spectra were
taken alternately at regular intervals to obtain the concentration depth
profiles of the elements on the slip ring surface. After the experiment was
over, the slip ring and brushes were removed from the vacuum chamber.
SEM pictures were taken of both the lowar and the upper surface tracks and
also of the brush contact surfaces,
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3. Results

3.1. Contact resistance and friction measurements

The coefficients of friction and the electrical contact resistances of
both the lower and the upper interfaces for two different experiments are
shown in Fig. 2. Both experiments were carried out under gimilar condi-
tions except for different contact forces. During rotation, a direct current
of 30 A (approximately 4200 A in~2) ran through the contacts. The sub-
scripts s, w, u, 1 in Fig. 2 denote strong spring, weak spring, upper interface
and lower interface respectively, e.g. R,;(27 gf) denotes the electrical
resistance of the lower interface in the weak spring experiment. 27 gf is
the corresponding normal contact force. Contrary to the corresponding
experiments carried out in UHV [9], the coefficients of friction in the pre-
sent experiments decreased with increasing number of slip ring revolutions
until steady state values were obtained. Although the electrical contact
resistances of the lower and upper interfaces in the present experiments
decreased with increasing number of slip ring revolutions, as in the UHV
experiments, they reached their steady siate vaiues more rapidly and
remained stable without adhesion in the former case. This stability and
lack of cold welding demonstrated the lubricating function of wet CO,. In
addition, the resistance curves were more or less parallel to each other,
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indicating that the initial conditions determined whether a curve was ‘low”
or “high”. These initial conditions include such variables as brush orienta-
tion, stiffness and contact force. In the latter case a higher contact force
always resulted in a lower contact resistance, as expected.

3.2. Auger electron spectroscopy

The elemental compositions of the lower track (track 1), upper track
(track 2) and neutral track (track 0, which is between fracks 1 and 2) of the
slip ring surface before sputtering, after sputtering and after running in wet
CO, for the strong and weak spring experiments are listed in Table 1. The
elemental balances in Table 1 mainly consisted of chlorine and nitrogen. The
slip ring surfaces for both experiments were initially largely covered by
impurities. With the ion sputter gun aimed at the neutral track region, i.e.
between tracks 1 and 2, very clean surfaces were obtained for all three tracks
in the weak spring experiment. In the strong spring experiment similar
cleaning effects were observed after sputtering, but somewhat more impu-
rities remained on track 1 and the neutral track regions because the ion gun
had been aimed at track 2 instead.

After running in wet CO,, the slip ring surfaces became contaminated
only slightly (Table 1). The major contaminants were carbon and sulfur. It
should be noted also that the contamination in the near-surface region is less
serious in the strong than in the weak spring experiment. Figures 3 and 4
show the elemental depth profiles of sulfur and carbon on the slip ring after
running in 1 atm of wet CO,. The order of taking AES spectra was track 2,
neutral and track 1. The impurities on the neutral track generally were more
easily sputtered away because they were only adsorbed on the surface of the
slip ring. The impurities on tracks 1 and 2, however, took a longer time to be
sputtered away because they were buried in the near-surface region of the
copper substrate by the mechanical mixing action of the brushes. For exam-
ple, in Fig. 4, it took four times as long for the carbon concentration to
reach the initial (or “background’) level for track 2 than for the neutral
track. It should be noted also from Table 1 and Figs. 3 and 4 that the
mechanical mixing of impurities in the near-surface region by the brushes
is more significant when there are light loads on the brushes.

A separate experiment was carried out to examine the high concentra-
tion of sulfur on the slip ring surface after rotating in wet CO,. A very pure
flat copper specimen (99.9999% Cu) was cleaned and mounted on the
manipulator in the UHV chamber. The system was evacuated and the
copper specimen was cleaned by sputter ion etching. It was then exposed
to 1 atm of wet CO,, which was then pumped out. Although all measure-
ments and experimental processes took place at room temperature without
any mechanical disturbance of the surface, the sulfur concentration on the
flat specimen surface was found to be about the same (about b at.%) as that
of the slip ring surface after rotating in contact with two brushes in 1 atm
of wet CO4 (Table 1). Clearly, the extra amount of sulfur on the surfaces
of both the flat specimen and the slip ring came from an impurity in the
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ROTATED INWET COp

SULFUR ATOM PERCENT(G/0}

10 15 20 2% 30 35
SPUTTER
CLEANED SPUTTERING TIME (minutes)
Fig. 8. Sulfur concentration depth profile on slip ring surface after rotating in wet COo
(weak spring condition): O, track 1; X, track 2; ®, neutral.

ROTATED IN WET COp
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Fig. 4. Carbon concentration depth profile on slip ring surface after rotating in wet (,03
(weak spring condition): O, track 1; X, track 2; ¢, neutsal.

CO, gas and not as a result of segregation from the bulk of the copper
sample [7].

 3.8. Scanning electron microscopy

SEM pictures of slip ring tracks and brush wire ends for both the

- strong and the weak spring experiments wexe taken after the experiments

were over and the manipulator was taken out of the vacuum chamber.,
Figures b and 6 show the brush wire ends after each experiment. Clearly, the
contact surface of the brush wire end in the weak spring experiment is much
smoother than that in the strong spring experiment. The rough region of

the brush wire in Fig. 6 was produced by the initial emery paper polishing

T m — S e . S R S et A ac i i e 3 Vo e i D Y o) e el S b P S AT S
5 BRI, e




K]
P L

e

14

S0um Ny

Sy

Fig. 5. SEM micrograph of a single brush wire end after sliding contact in wet COg (strong
spring condition; lower brush negative).

Fig. 6. SEM micrograph of a single brush wire end after sliding contact in wet CO5 (weak
spring condition; upper brush positive).

- Fig. 7. SEM micrograph of a slip ring track after sliding contact in wet CO; (strong spring

condition; lower track).
Flig. 8. SEM microgeaph of a slip ring track after sliding contact in wet COy (weak spring
condition; lower track).

before insertion in the UHV chamber. It apparently did not touch the slip
ring during rotation. In contrast, the brush wire end in Fig. § shows a

smoother surface and longer ridges compared with the rough region in Fig, 6.
This surface resulted from frictional contact during rotation, Figures 7 and 8
show SEM pictures of slip ring tracks after the strong and weak spring expey-
iments respectively. Obviously the size of the ridges in the surface of the slip
ring track is much smaller in the weak than in the strong spring experiment.
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These results dramatically show that the normal contact force plays an
important role in determining tl.e properties of a rotating electrical contact:
the smaller the normal contact force, the lower the contact frictional force
and consequently the smoother the contact interface.

4, Discussion

In these experiments an initially clean copper slip ring rotated in electri-
cal and mechanical contact with twe copper wire brushes through which a
current of approximately 4260 A in~ 2 flowed. Rotations were made in a
UHYV system that had been back filled with wet CO, at a 1 atm pressure.
Both strong and weak normal forces were applied to the brushes in succes-
sive experiments. The results show that, except for a slight contamination
with sulfur, rotation in wet CO, does not contaminate the surface of the slip
ring. Since the surface remained essentially clean, the lubricity of the thin
film at the interface must be due only to the H,O and CO, molecules that
are present.

In previous experiments carried out in UHV [5, 7], it was shown that
the interface became much cleaner as the copper brush rotated over the
copper slip ring. The present results in wet CO, are consistent with the
earlier result. In addition, it was found that weak contact forces resulted in
greater near-surface-bulk mixing of surface contaminants than stronger
springs, This interpretation follows from the Auger depth profile studies. We
can conclude that the greater penetration of the brush asperities into the
bulk of the slip ring in the case of a stronger normal force is less effective in
distributing the contaminants in the near-surface region.

It was also found that during rotation the adsorbates were pumped off
in less than 30 h. This result means that they were not very tightly bound to
the copper surfaces. We could not examine the surfaces by AES in a much
shorter time because of the high residual gas pressuxe in the vacuum system.
These results are consistent with the known desorption energies of water on
metal surfaces, which range from 22 to 24 kcal mol™? [10]. Since the
adsorption energy of CO, is much less than that of HyO, it is expected that
the H,0 molecule aids the adsorption of CO, during rotation.

The decreases in electrical contact resistance and friction during rota-
tion presumably arise from an increase in the contact area as the asperities
on the contacting faces are smoothened. This effect is most noticeable in the
weak spring case where the normal forces were in the neighborhood of 30 -
50 gf. Because cold welding did not occur in the wet CO, case, as observed
in UHV, the H,0-CO, molecules must form a more or less continuous layer
at the slip ring—brush interface. If this layer were broken, localized cold
welding would occur. Presumably, the higher friction in the case of higher
normal forces arises from the partial fracture of this HaO~CO, layer. It is
also expected that, on the basis of this model, the thickness of the H,0-CO,
interfacial layer would depend on the contact pressure. The electrical con-
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tact resistance measurements support this view, In all cases the higher normal
force has the lower contact resistance. It is expected that the interfacial resis-
tance arises from a combination of quantum mechanical tunneling through
the CO4,—H,O0 layer as well as occasional erratic direct brush-slip ring cold
welding, resulting in the fracture of surface regions from the bulk and con-
comitant wear. It is therefore clear from these studies that the film resistance
at a Cu—Cu interface is not due to contamination by carbon, organic impuri-
ties etc. but rather arises from the presence of this thin H,O-CO, layer at
the interface.

Acknowledgments

The authors would like to express their appreciation to I. R. McNab,
dJ. L. Johnson, P. Reichner, d. J. Schreurs, P. K. Lee and E. Rabinowicz for
helpful discussions, the Westinghouse Research and Development Center for
the loan of certain equipment, and the Office of Naval Research for financial

support under Contract N00014-79-0763.

References

1 J. L. Johnson and Q. S. Taylor, High current brushes. Part IV: machine environment
tests, in Proc. Conf. on Electrical Contacts, 1979, lllinois Institute of Technology,
Chicago, 1L, 1979, pp. 129 - 135,

2 P. Reichner, Metallic brushes for extreme high current applications, in Proc. Conf.
on Electrical Contacts, 1979, lllinois Institute of Technology, Chicago, IL, 1979,
pp. 191 - 197,

'3 L. R. McNab and W. R. Gass, High current density carbon fiber brush experiments in
humidified air and helium, in Proc. Conf. on Electrical Contacts, 1979, Illinois Insti-
tute of Technology, Chicago, IL, 1979, pp. 169 - 163.

4 J. Schrours, J, L, Johnson and I, R, McNab, High current brushes. Part VI: evaluation
of slip ring sueface films, in Proc. Conf. on Electrical Contacts, 1979, lllinois Institute
of Technology, Chicago, IL, 1979, pp. 146 - 161,

6 B. Singh and R. W. Vook, In situ AES chavactorization of rotating electrical contacts,
in Proe, Conf. on Electrical Contacts, 1980, Hlinois Institute of Technology, Chicago,
1L, 1980, pp. b3 - 58,

6 R. W. Vook, B. Singh, E.<A. Knabbe, J. H. Ho and D. K. Bhavsar, in Proc. Conf. on
Electrical Contacts, 1979, illinois Institute of Technology, Chicago, IL, 1979, pp. 17 -
21.

7 B. Singh, R. W. Vook and E.-A. Knabbe, AES study of sulfur surface segeogation on
polycrystalline copper, J. Vae. Sci. Technol., 17 (1) (1980) 29 - 33.

8 B. Singh, B, H. Hwang and R. W. Vook, Characterization of copper slip ring--wire
brugh electrical contacts, J. Vae. Technol., (1981) in the press,

9 B. Singh and R, W. Vook, Interfacial characterization of copper slip ring-wire brush
contaets, in Proe, 8th Int, Vacuum Congr., Vol, X, Vacuum Technology and Vacuum
Metallurgy, in Vide, Couches Minces, Suppl., 201 (1980) 441.

10 R. Glang, R. A. Holmwood and J. A. Kurtz, in L. L, Maigsgel and R. Glang (eds.),

Handbook of Thin Film Technology, McGraw-Hill, New York, 1970, p, 2-44.

T

et T e —




e el it v g
T e, - te .

-r‘"“?‘f"&iwf@v S TR DT

o mewmwrsw Ead L

Wear, 78 (1982) 17 - 28 17

MICROSTRUCTURAL CHARACTERIZATION OF ROTATING Cu-Cu
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Summary

The chemical, electrical and wear properties of the rotating interface
between OFHC copper slip rings and two high purity copper wire brushes
were investigated in situ in ultrahigh vacuum (UHV) and in 1 atm wet CO,.
The chemical composition of the slip ring surface was determined by Auger
electron spectroscopy. The contact resistance was measured by a potentio-
metric four-point probe technique while the wear nroperties of the interface
and the morphology of the debris were studied by frictional force, scanning
electron microscopy (SEM), transmission electron diffraction (TED) and
X-ray diffraction (XRD) measurements. Rotation in UHV of a conventionally
cleaned (CC)slip ring produced a much cleaner surface. The contact resistance
of both brush interfaces decreased and the frictional force increased with
increasing number of revolutions. After many revolutions the brush and slip
ring welded. The decrease in contact resistance with the humber of slip ring
revolutions more or less paralleled the decrease in total impurities. Rotation
in wet CO, of a CC slip ring and brushes also produced much cleaner surfaces.
In contrast, initially argon ion sputter-cleaned surfaces became slightly
contaminated (mainly carbon and sulfur) when rotated. The contact resistance
at both interfaces and the coefficient of friction decreased with increasing
number of slip ving revolutions, finally reaching steady state values.

After each experiment, SEM examination of vacuum rotated surfaces
showed deep ridges and broken pieces of material on the slip ring surface and
badly deformed brush wire ends. Wet CO, rotated surfaces were relatively
smooth and shallow ridges were scen, SEM examination of wear particles
collected during rotation indicated that they may have come from both the
slip ring and brush wire materials and were rolled in the regions between the
brush and slip ring, XRD and TED from individual particles showed a
randomly oriented polycrystalline microstructure. The parxticles collected
from the wet CO, experiments were much sialler in size than those collected

*Paper presented ot the Advanced Current Collection Conference, Chicago, 1L,

US.A,, September 23 - 26, 1981
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in vacuum experiments. In wet CO,, the contact resistance was interpreted
as being predominantly due to an electron tunneling mechanism through the
CO,-H,0 molecular layer at the interface. As expected, the thickness of the
layer appeared to vary with the contact pressure. Friction would then arise
largely when the molecular layer was occasionally broken, allowing intimate
contact and temporary welding of the brush and slip ring surfaces. Sub-
sequent fracture of these welds during continued rotation would initiate the
formation of wear particles.

1. Introduction

Over the last 20 years, considerable effort has been made theoretically
[1, 2] and experimentally [3 - 5] to reduce friction, wear and contact
resistance between dynamic interfaces. Attempts have hitherto been made to
devise conditions to yield minimum contact resistance and minimum friction
and wear between the brushes and slip ring. The brush and slip ring materials
and the contact load and environment are the most influential parameters
affecting these properties. There are various techniques and suirface tools
available for the study of the atomic nature of the wear surfaces [6]. In this
paper, Cu-Cu dynamic contact intexfaces are characterized in vacuum and in
1 atm of wet CO, by measuring contact resistance, frictional force, chemical
composition and mechanical wear, A morphological and microstructural
study of the debris formed during sliding contact provided important infor-
mation about their origins and evoluiion. While there are various technigues
17, 8] available for a moxphological analysis of the wear debris, the tech-
niques of scanning electron microscopy (SEM), Xaay diffraction (XRD) and
transmission electron diffraction (TED) weic used in the present study.

2. Slip ring~brush arrangement and experimental procedure

The brush-slip ring arrangement has already been desexibed in greater
detail elsewhere [9, 10]. A stainless steel ultxahigh vacoum (UHV) system of
low (10*® Torr) range capability was used to characterize rotating electrical
contacts. Figure 1 shows the arrangement of the copper slip ring which rotates
in contact with two copper wire brushes. The slip ring 15 axially attached to a
maguetically coupled rotary feedthrough, which is tumed by an a.c. motor
coupled to it by a rubber belt. The slip ring is of c¢ylindrical shape, 2.6 em in
diameter, composed of OFHC (99.98%) copper. The brushes each consist of
362 99.999% Cu wires, each 0.127 wm in diameter. The brushes ave clamped
to two rectangularly shaped stainless stecl electrodes, each having a smooth
hinge in the middle. The brushes are arranged at 180° to each other, making
an approximately 40° - 45° angle with the normnal to the slip ring surface and
axially displaced (1 - 1.5 cm) to make separate tracks on the slip ring. The
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Fig. 1, Photograph of the glip ring-brush assembly: M, magnetically coupled rotary
feedthvough; H, brush hotder; R, slip ring; B, brush; S, spring; F, vacuum flange.

whole brush--slip ring assembly is mounted on a specimen manipulator
capable of X, Y, Z displacements. The UHV system includes an Auger cylin-
drical mirror analyzer, a 3 keV spuiter ion gun and a 90° magnetic sector
partial pressure analyzer,

Before each experiment, the surfaces of the slip ring and the brush wire
ends were mechanically polisived with a series of emery papers ending with
grit 600A and then rinsed ultrasonically (brush vetracted) in acetone and
ethanol. The contact resistances between the two brushes and the slip ring
(grounded) were recorded on a dual-pen recorder. Experiments were per-
formed with three brush direct currents: 50 ma, 5 A and 30 A in vacuum
and 30 A in wet CO,. With the brushes retracted, the speed of the rotating
slip ring was monitored with an optical tachoweter. During the experiment,
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the rotational speed of the slip ring was measured at regular time intervals
together with the input power to the motor.

The Auger electron spectrometer which was used to examine the
surface tracks was fully controlled by a Hewlett Packard 9825A desktop
computer and multiprogrammer. Typical Auger traces coveringa 50 - 1300 eV
range were directly digitalized with an energy increment of 0.65 eV or less.
Computerized values of peak-to-peak heights of the Auger electron spectros-
copy (AES) signals of various elements were obtained with a precision of
1 in 2000. These Auger spectra were taken using a primary beam energy of
3 keV, 2 modulation amplitude of 1 V (peak to peak) and a 25 u A beam
current.

A wet CO,4 environment in the vacuum system was obtained by running
CO, from the cylinders (commercial grade, 99.8%) through a doubly distilled
H,0-CO, solution in a stainless steel trap and finally through a UHV leak
valve [11]. The pressure of wet CO, in the vacuum system during the course
of the rotation experiments was approximately atmospheric. Auger spectra
from the wet CO, rotated slip ring surface were taken only «fter the wet
CO, was pumped down to the high 10™® Torr region, a process which took
about 2 days. A molybdenum sheet tray was placed inside the vacuum
chamber under the brush—slip ring assembly to collect wear particles during
contact rotation.

After the experiment was over, the slip ring assembly and wear debris
were removed from the chamber. The normal force on each brush was
measured. The average frictional force was determined from the decrease in
rotational speed of the slip ring by comparing it with a calibration involving
known torques applied to the slip ring in a separate experiment in air, SEM
pictures were taken of both the slip ring surface tracks, brush contact
surfaces and of wear particles. XRD photographs were obtained from rela-
tively large particles (about 0.5 mm) and TED photographs were taken from
small particles (about 0.06 mm or less).

3. Results

3.1. Contact resistance and friction measurements

Figure 2 shows the contact resistance for both the upper and the lower
interfaces and the average coefficient of friction as a function of the number
of slip ring rotations or linear track length covered. The contact resistance
decreased with increasing number of slip ring revolutions. The curves are
more or less parallel to each other, indicating that the initial conditions
determine whether a curve is “high” or “low”, These initial conditions
include such variables as contact fo- ce, lead yesistance, brush wire orientation
with respect to slip ring, surface impurities etc. The contact resistances in the
wet CO, experiments are consistently higher than those in the vacuum
experiments and result in much smoother curves. This high contact resistance
could be due to the lower normal force, smaller contact area and the addi-
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SLIP RING REVCLUTIONS

Fig. 2. Contact resistance and average coefficient of friction vs. number of slip ring
revolutions. Subscripts s, w, u and 1 denote strong spring, weak spring, upper brush intex-
face and lower brush interface respectively.

tional resistance introduced by the thin wet CO, layer at the interface. The
circled points indicate the contact resistance before the slip ring started ‘
rotating and after it stopped. For wet CO,, the slip ring rotation did not ;
stop, but the experiment was terminated after about 5 - 10 min of rotation
when the resistance attained steady state values. The resistance of the
interfaces clearly depended on the magnitude of the contact force. In 3
vacuum experiments, the frictional force increased substantially as the 4
rotation proceeded and finally after many hundreds of revolutions the motor i
stopped rotating because of excessive friction and ultimate cold welding. The :
average coefficient u of friction was caleulated from the ratio of the frictional
force to the measured normal foxce and is shown in Fig. 2 for both the :
vacuum and wet CO, experiments. For the vacuum expariment it increased 1
by a factor of more than 4 while for wet COy it decreased to about 0.36 ]
where it yemained relatively stable.

et
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3.2, Auger electron spectroscopy measurements

In the vacuum experiments, the elemental surface compositions of both
the upper and lower tracks on the slip ring were obtained by AES before and
immediately after the contact resistance measurements. However, in the wet
CO, experiments Auger spectra were taken about 2 days after the contact
rotation because the system had to be pumped down to the high 10”8 Towr
-yegion before operating the Auger spectrometer. The brushes were retracted
during the AES measurements and the slip ring was continuously rotated.
This procedure gave the average impurity concentyations on the whole track.




22

TABLE 1

Elemental coucentrations (at.%) on slip ring tracks for rotation in vacuum (contact force,
235 gf) and wet COgq (contact force, 51 gf)

Elements Vacuum Wet COo
Before After Before After After
rotation rotation sputtering sputtering rotation
Cu 47.5 97.1 39.9 994 88.0
S 0.8 3.1 0.0 0.0 4.7
C 42.1 2.0 40.9 0.6 7.3
0 7.1 04 14.2 0.0 . 0.0
Balance 2.6 0.4 5.0 0.0 0.0
(Cl, N, Ar)

The peak-to-peak heights of all Auger signals were normalized [12, 13] to
atomic per cent concentrations. The elemental surface concentrations on the
slip ring for two typical experiments in vacuum and wet CO, are given in
Table 1. The copper, sulfur, carbon and oxygen concentrations are listed
together with the impurity balance. In vacuum rotated experiments the
conventionally cleaned (CC) interface became cleaner, while in the wet CO,
experiments the sputter-cleaned interface became only slightly contaminated.
The impurities picked up were sulfur and carbon. Argon ion sputter depth
profiles of the slip ring surface showed that these impurities were rapidly
removed by small amounts of ion etching.

To understand the cause of the high concentration of sulfur, an addi-
tional experiment was performed in which the brush-slip ring assembly was
replaced by a flat OFFHC copper sample. The sample was first sputtered clean
(to 98 at.% Cu, 0.2 at.% S) and then heated to 585 °C for 30 min where
9 at.% of sulfur segregation was detected [14]. Sulfur was removed by argon
ion sputter depth profiling techniques and its concentration was monitored
as a function of sputtering time. After it was almost completely removed
(0.2 at.%), the clean sample was exposed to 1 atm of wet COq, resulting in a
surface concentration of 7 at.% of sulfur. The sulfur concentration was again
removed by sputter depth profiling. The results are shown in Fig. 3. It is
clear that the adsorbed sulfur is removed much faster than the bulk segregated
sulfur. Thus the high concentration of sulfur on the slip ring surface was due
to an impurity in the wet CO, supply and not to bulk segregation.

3.3. Scanning electron microscopy
After each experiment, the brush-slip ring assembly and wear particles
collected during rotation were removed from the vacuum chamber and
examined by SEM. For the same period of rotation, the quantity and size of
the debris collected in vacuum experiments were larger than those in the wet
CO, experiments. The average length of vacuum wear particles was about
0.3 - 0.5 vun while for wet CO4 the length of the wear particles was about
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Fig. 3. Sputter depth profile of sulfur on a flat OFHC copper sample: curve a, segregated

on heating at 585 °C for 30 min; curve b, adsorbed on exposure to 1 atm wet COy at
room temperature for 156 min.

Fig. 4. SEM photograph of copper wear particles collected during slip ring rotation in
contact with brushes in wet COg,

Fig. 6. SEM photograph of copper wear particles collected during slip ring rotation in
contact with brushes in wet CO,.

0.03 - 0.08 mm. SEM photographs of several particles from the wet CO,
experiments are shown in Fig. 4. Figure 5 shows details of the structure of
two typical wear particles collected in a wet CO, experiment. The mor-
phology of these particies suggests that they are rolled layers or rolled
particles. Figure 6 shows a particle collected from a vacuum experiment.
XRD was carried out on large individual particles by mounting them on a
glass fiber and by using a transirission pinhole technique. The very small
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Fig. 6, SEM photograph of copper wear particle collected during slip ring rotation in con-
tact with wire brushes in vacuum. Particles of silver paint on the substrate should be noted.
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Fig. 7. TED photograph of a small wear particle collected while the slip ring rotated in
contact with a wire brush in wet CO,,
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Fig. 8. SEM photograph of OFHC copper slip ring, upper track, showing broken wire

piecos (W) and deep ridges. The arrow indicates the direction of relative brush motion
(high vacuum).

Fig. 9. SEM photograph of OFHC copper slip ring, upper track, showing shallow ﬁdges. i
The arrow indicates the direction of relative brush motion (wet CO,). i‘

particles were difficult to mount in such a way and therefore their individual
diffraction patterns were studied by TED. The results from XRD studies of
large particles were identical with those obtained by TED from small particles.
Figure 7 shows & TED pattern obtained from a small particle. The absence of
preferred orientation is apparent,

Figures 8 and 9 show typical SEM pictures of brush tracks on slip rings
rotated in vacuum and in wet CO, respectively. The surface from the vacuum




Fig. 10, SEM photograph of wear surfaces on upper brush copper wires (contact force,
235 gf). The arrow indicates the direction of relative motion of the slip ring (high vacuum),

Fig. 11. SEM photograph of wear surfaces on upper brush copper wires (contact force,
51 gf). The arrow indicates the direction of relative motion of the slip ring (wet CO3).

experiment shows deep grooves and high ridges and several pieces of brush
wire wear particles adhering to the surface. The wet CO, rotated surface
shows shallow grooves and low ridges with a few occasional deep ridges.
Also, no wear particles are observable. The ridges shown in these micrographs
lie parallel to the directions of travel. SEM pictures of brush ends are shown
in Figs. 10 and 11 for vacuum and wet CO, experiments. The vacuum
contact brush wire ends appear very rough and abruptly brokei, while the
wet CO; contact brush wire ends are much smoother and of round shape. In
Fig. 11, two regions S and R are clearly seen on the wire ends. The smooth
(S) regions touched the slip ring and the rough (R) and long streaked regions
were produced by the initial emery paper polishing before insertion in the
UHV chamber. These latter regions apparently did not touch the slip ring
during rotation.

4, Discussion

The elemental surface compositions of OFHC copper slip rings that
rotate in contact with two high purity copper wire brushes in vacuum and in
1 atm of wet CO; are presented. In vacuum, the initial CC surfaces (60 at.%
Cu) became almost completely clean (98 at.% Cu) after several hundred
rotations. Carbon was the major impurity observed. As the surface became
cleaner with continued rotation, adhesion, friction and occasional cold
welding started to develop. The occasional and erratic stick-slip resulted in
large momentary fluctuations in the contact resistance. Finally the adhesion
became so large that the motor rotating the slip ring could not overcome the
frictional torque and cold welding occurred.
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For rotation in wet CO,, the surface also became clean except for the
development of slight sulfur and carbon contamination. The studies involving
a flat OFHC copper sample (see Section 3.2) suggest that the sulfur came
from an impurity in the CO, gas and not as a result of bulk segregation [14].
The carbon concentration was of the same order as that observed in the
vacuum experiments. Thus running in wet CO, contributed no additional
carbon to the surface. In wet CO,, the rotational speed of the slip ring
increased and became steady after a few hundred rotations. Cold welding
did not occur. These results indicated that the wet CO, environment provided
good lubrication [3, 4]. The AES composition of the wet CO, surface was
taken only when the wet CO, was pumped down to the 107 Torr region
which usually took about 30 h. This result means that the H,O-CO, mixture
was not very tightly bound to the surface. It is well known that CO, is not
chemisorbed on copper and its maximum heat of physical adsorption [15]
on metals is about 9 kcal mol™, Water, in contrast, has a heat of adsorption
of about 22 - 24 kcal mol™! and is notoriously difficult to remove at room
temperature [16]. Thus CO, is pumped out much faster than H,O, which
was also observed by the mass spectroscopy analysis of the residual gas. It is
thus expected that the H,O molecules aid in the adsorption of CC,.

The thickness of the H,O-CO, interfacial layer would be expected to
depend on the contact pressure. This result is in agreement with the contact
resistance measurements, where the higher normal forces have lower contact
resistances. Thus the interfacial resistance appears to arise from a combina-
tion of quantum mechanical tunneling through the CO,-H,O layer as well as
occasional direct brush~slip ring contact, resulting in adhesion and fracture
of piastically deformed surface regions. The net effect is that wear particles
are formed. A determination of the approximate layer thickness # can be
made from an empirical relation [17] R; = p,£4/F, where p, is the tunnel
resistivity, £ ~ 0.7 is a pressure factor and H is the contact or penetration
hardness, based on a tunneling conduction mechanism together with an
experimental relationship between p, and & [18] . The results are approximate
but indicate that the H,O-CO, layer is about 6 A thick for a 2.2 mQ film
resistance R, and 80 gf normal force F. This result is reasonable since it
implies a layer of CO,~H,0 one to three molecules thick. The thickness of
the layer also depends on the orientation of the molecules with respect to
the substrate as well as with respect to each other. It is thus concluded that
the contact resistance at the Cu-Cu interface in wet CO, is not due to
contamination by carbon or other impurities, but rather arises from the
presence of this HyO-CO, layer at the interface. The low contact resistance
in vacuum avises from direct metal-metal contact. It decreases during
rotation because the initial surface impurities are buried during rotation or
possibly partially removed by the fallen wear particles and also because the
surface contact area increases, _

Formation of the wear particles and the ridges on the slip ring surface
are of much interest. In vacuum, deep ridges arise from brush end ploughing
and/or random localized welding of brush wire ends to the slip ring during
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rotation, resulting in tensile plastic deformation of the weld and then final
fracture of the weld material or wire. Continued rotation may pull out some
of these broken wire ends or material from the protruded ridges. These
pieces then roll over between the brush—slip ring interface and eventually fall
away from the interface. Clearly, the wear particles in the vacuum case
would be larger in size than those produced on occasional localized metal-
metal contact through the thin CO,~H,0 layer where the weld area is likely
to be smaller. This result is what has been observed experimentally. The
average length of the vacuum wear particles is 0.3 - 0.5 mm and their diam-
eter is 0.09 - 0.12 mm. The wet CO, wear particles have average lengths of
0.03 - 0.08 mm and diameters of 0.02 - 0.04 mm.

The morphologies of the wear particles are more or less the same. Some
are made of thin layers rolled as sheets and some with more compacted but
still rolled surfaces. There appears to be some relationship between the size
of the wear particles, the ridges and the diameter of the brush wires. The
average height of the broken wire pieces shown in Fig. 8 (vacuum) is about
0.09 - 0.13 mm, which is close to the diameter of the wires of the brush. It is
thus reasonable to suppose that these pieces are parts of the broken wire
which cold welded to the slip ring surface as it became cleaner in vacuum. In
Fig. 9 (wet CO,), the lengths of the well-defined ridges vary from about
.02 to 0.2 mm. The estimated unfolded length of the layer making up the
particle in the upper left corner of Fig. 5 is about 0.09 mm, which is within
the range of the length of the ridges in Fig, 9. Therefore, it is possible that
this particle originally came from the slip ring surface rather than from the
wire of the brush. The variation in the length of the ridges could be due to
variations in contact force at individual wire ends of the brush. The ridges
may be formed by the ploughing action of the wire ends through the surface
material of the slip ring. Continued rotation in the case of wet CO, tends to
smooth these ridges, resulting in burnishing. The vacuum rotated surface has
deep and sharp ridges because erratic cold welding prevented burnishing
from occurring.
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THE TEMPERATURE RISE AT SLIDING ELECTRICAL CONTACTS*
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Summary

The equations for the temperature rise due to ohmic heating at station-
ary electric contacts and to frictional heating at sliding electric contacts are
combined to give closed-form equations for the temperature rise of sliding
electric contacts. The relationship applicable at high sliding speeds indicates
that in many cases increasing the sliding speed can reduce the interfacial
temperature. An experimental program has been carried out to test the
applicability of the equation, using wear tests carried out on graphite—Cu
sliding systems in a high temperature friction apparatus to determine the
relationship between wear coefficient and surface temperature. Tests using a
graphite brush sliding against a copper disk at speeds of around 10 m s™*
show that the wear increases with current density, and application of the
temperature equation confirms that the wear coefficient is determined by
the interfacial temperature, whether that temperature is produced by bulk
heating in a furnace, by interfacial heating as a result of sliding or as a result
of ohmic heating of the interface.

1. Introduction

In sliding electric contacts carrying very high currents, one of the
obvious limitations to the transmittal of even higher curcents results from
interfacial heating. If the temperature at the interface becomes too great, the
materials may soften or even melt, or else excessive oxidation may oceur,
Associated with effects such as these there is likely to be excessive wear,

In spite of the obvious importance of interfacial heating in the operation
of gliding clectric contacts, it does not seem that equations for the inter-
facial temperature of sliding current-carrying contacts are in regular use, nor

*Paper presented at the Advanced Current Collection Conferenca, Chicago, IL,
US.A,, September 23 - 25, 1981.
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are the way that variables such as velocity or load affect the temperature
well known. It is the purpose of this paper to derive such expressions, to
illustrate their application to a simple graphite~Cu sliding system and then to
test the correctness of the expression experimentally.

2. Theoretical background

The theoretical analysis of the temperature rise at contacting surfaces is
generally based on the work of Blok [1] and Jaeger [2], and the relationships
obtained by these workers have been discussed and applied to the problem
of the temperature rise caused by friction by Archard [3] and Rabinowicz
[4]. The temperature rise of electric contacts, especially the static case, has
been discussed by Holm [5 - 7], and Shobert [8] has considered also the
case of sliding contacts.

Taking first the situation where slow speed sliding occurs and heating is
caused by friction, it turns out that if there is a circular region of contact
between the sliding surfaces (Fig. 1), the average temperature rise ¢ is given
by the relationship

9 = ﬁLU (1)
4dr(ky + k2)

where J is the mechanical equivalent of heat (a conversion factor from

thermal to mechanical units of heat), r is the radius of the junction, f is the

friction coefficient, L is the normal load at the junction, k, is the thermal

conductivity of body 1, k, is the thermal conductivity of body 2 and v is the

velocity.

Body
1

Body 1 - #
- s 2\
< Body2  — Body
Fig. 1. Schematic illustration of a junction or contact botween two solid bodies,

Fig. 2. The system analyzed at high sliding speeds considers a small body 1 always in
contact with a large body 2, Points in body 2 only make contact periodically.

This relationship (ref, 9, eqn. (4.14)) assumes that heat originates at the
interface and is then conducted into the two adjacent bodies. The reason
why the temperature rise is proportional to the velocity is because the rate-
of heat generation per unit of time is itself proportional to the velocity.
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When the sliding speed becomes large this relationship is no longer
applicable. Let us consider the simplest case when body 1 is a small specimen
while body 2 has an extended surface. In that case the small specimen will be
continually in contact and will slide always over fresh areas of the large
specimen (Fig. 2). For that case the temperature rise is given by

fLul/?
" 3.6 (p203r0kg )2 (2)

where f, L, v, r, J and ky have the same definitions as above and p, ¢4 is the
volume specific heat of the extended surface.

This relationship (ref. 9, eqn. (4.16)) differs from the previous one in
two ways. First, it is unsymmetrical as regards the top and bottom surfaces
because the top surface, being small and continually in contact, soon becomes
hot, while the bottom surface, being always fresh, is much cooler, so essen-
tially all the heat travels into it and thus only its thermal properties are
significant.

Secondly, it will be noted that velocity to the power one-half comes
into eqgn. (2). This comes about because as we raise the speed we increase
the rate of heating, but we also increase the amount of ceol bottom material
into which this heat can be dissipated. Thus, it is logical to expect that the
temperature rise increases with v but less rapidly than to the first power.

In general, eqn. (1) is applicable when a cextain dimensionless paramater
vrpgca /Ry is less than 2, while eqn. (2) is applicable when the parameter is
greater than 2 [3].

So far we have considered only the frictional heating. As regards elec-
trical heating, Holm (ref. 6, eqn. (11)) states that for a stationary junction
the temperature rise (using our terminology) is given by

p i’R _ (9)
4dr(ky +kg)

where { is the current carried by the junction and R is the electric resistance
of the junction,

This is very similar tc the low speed friction temperature rise expression
(eqn. (1)) except that {®R, the electrical heat input per unit of time, has
replaced fLv, the mechanical heat input per unit of time, Hoim (ref. 7,
Section 43) argues that the expression for § in eqn, (3) should be reduced by
a factor of sbout 2, because the hieat input is throughout the constriction
(i.e. to some extent away from the interface rather than being localized at
the interface). However, thexe are in practice a large number of uncertainties
involved. All sorts of corrections mlght be apphed axd it seems best to keep
eqn, (3) as simple as possible.

1f we add the mechanical and elechriﬂa! temperature me torms we have
for the overall temperature increase in the slow speed regime
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fLv + i%R

) 4dr(ks + ky) @

It is this expression which (although never stated in closed form) is implicitly
assumed by Holm and by Shobert.

If we are in the high speed regime then by adding the electrical heating
term to eqn. (2) we obtain

_ fLu+iR 1
3.6J(r*kgpzcav)M?  3.6J(r3kgpaca)t?

I2R
(va1/2 +';1—,§) (5)

In this case the influence of velocity on the temperature is difficult to
estimate, since a higher velocity will increase the temperature caused by
friction (the first term in parentheses in eqn. (5)) while it will reduce the
electrical heating effect (the second term in parentheses in eqn. (5)). Since
most tribologists find it hard to believe that raising the sliding speed can
lower the interfacial temperature, it seemed appropriate to test egn. (5)
experimentally.

There are some difficulties in measuring the temperature of sliding
electric contacts over and above the problems of measuring the interfacial
temperature of sliding bodies in general. In particular, the use of the interface
as the hot junction of a thermocouple system, often used successfully in
friction studies [10], is of course impossible, It was decided to use the fact
that in many sliding systems the wear rate increases rapidly when the inter-
facial temperature reaches a critical point known as the transition temper-
ature, and that this can be used as a messure of the temperature.

3. Experunental testing

3.1, In high temperature friction apparatus

Tests were carried out in the friction apparatus shown in Fig. 3. Three
pieces of one material ave pressed against a disk of the other material which
rotates via the motor and transmission system. The sliding surfaces are inside
a metallurgical-type furnace which can be heated up to 1000 °C. The three
pieces are loaded by a dead weight and prevented from rotation by a strain
ring outside the furnace. The apparatus has been described more completely
elsewhere [11).

For these tests, rods of electrographite of 9 mm diameter were slid
against a copper disk. The speed of sliding was kept low (0.41 ms™?) so as
to keep the termperature rise due to sliding small. ‘The normal load was 1/kgf
pe rod and the duration of the tests was 0.5 h, Most of the testing was in aiy,
in the spring (i.e. at a reasonably high humidity level). Tests in a wet CO,
environment gave rather similar wear results. The wear was measured for
. various ambient temperatures and the plot of wear coefficient as a function
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Fig, 8. Schematic illustration ef high temperature friction apparatus using the geometry
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Fig. 4. Plot of the dimensionless wear coefficient for graphite--Cu (the volume of wesr
multiplicd by the hardness and divided by the normal load and the distance of sliding) as
a function of the surface teyperature in low speed gliding tests carried out ueing the
apparatus shown in Fig, 3. Thete is a drastic increase in wear xg the temperatore ap-
proaches 300 °C. -

of temperature is shown in Fig, 4. The wear coefficient increases drastically
when the temperature reaches 300 °C and in general increases monotonically
with temperature. Fusther details of the testing are available {12].
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3.2, High current sliding tests

These tests were carried out in the high speed friction apparatus
described earlier [10], using a pin of graphite on a cylindrical disk of copper.
The graphite pin traces out a continuous track on the curved surface of the
disk. A high current was passed through the interface, and the wear
coefficient was measured after some length of sliding. Both the current and
the speed of sliding were varied, The load was 0.7 kgf, the diamieter of the
electrographite pins was 6 mm, the diameter of the copper disk was 150 m:a
and the duration of the tests was generally 4 h, Testing was in the ambisnt
air, in the summer (i.e. at a high humidity level).

The plot of wear coefficient as a function of current for various sliding
speeds is shown in Fig. 5. In general, wear is higher when the current
becomes greater, and for any level of current the wear becomes lower as the
sliding speed increases.

The wear data were analyze in terms of eqn. (b), assuming that at the
interface there was at any time ouiy one circular contact, whose radius was
given by the plastic deformation equation:

pm? =L | (6)

where p is the hardness of the softer surface, the graphite.
Figure 6 shows the plot of wear coefficient as a funetion of temperature

computed by the use of eqn. (b). The parameters used in the equation are -
given in Table 1.

In general, the wear coefficient increases as a function of computed

interfacial temperature, slowly at moderate tempesatuves, but sharply st

around 300 °C. The line from Fig. 4 is dvawn on Fig. §.as a broken cutve and
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Fig. 6. Plot of wear coefficient as a function of interface temperature computed by the
use of eqn. (5) for various sliding speeds: ©, 1.6 ms™*;4, 5 m s1;0,9ms ;®13ms
The scatter of wear rates is much lower than in Fig. b, the low speed and high speed

results are well intermingled, and there is & drastic rise in wear at computed temperatures
of just under 300 °C.

TABLE 1
Units and values of the parameters used in eqn. (6)

Parameter  Unii or value in the following systems
0ld engineering units Maetric units
f 0.26 0.26
L 1,64 Ibf Q.60 kegf
J 1 4.2Wseal™d
po 264 b in~2 F? 8.2 X 108 cal m~3 °¢™}
'S 51 1b g~ °p-2 91 cal m™? g1 ¢
r 4.8 X 1078in 1.2%107%m
R - 21X 10™3 (W A2
v ing-d m s
{ -~ A

gives a reasonable fit for the experimental data points at high temperatures,
since the experimental data points indicate a drastic increase in wear
coefficient in the vicinity of 300 °C. Thus, it seems that the temperatures
computed by the use of equ. () ate realistic ones,

4. Discussion

The reason why wear coefficients from the high temperature tests
shown i Fig. 4 do not fit the experimental data shown in I"tg 6 at low
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temperatures is as follows. Stephenson [12] found that at moderate temper-
atures the wear rate was high for the first hour of testing and was then
reduced by about an order of magnitude. His tests were all in the high wear
regime, while the tests shown in Fig. 6, being at higher speeds for longer
periods of time, were mainly in the low wear regime.

While Holm and Shobert have carried out analyses of the temperature
rise of sliding electric contacts which are roughly equivalent to the use of
eqn. (5), I have been unable to find any indication that the equation itself
has been used, and the remarkable fact that increases in sliding speed can
reduce the interfacial temperature of current-carrying contacts seems not to
have been previously reported.

In our tests, eqn. (5) seems to give rather accurate values for the temper-
ature rise because of a number of compensating factors. The first of these,
mentioned above, is that all the electrical heat is assumed to be generated at
the interface, whereas it is in fact generated within the constriction and some
of it never reaches the interface. The second factor is that the disk is assumed
to be at all times at room temperature, whereas it may become quite warm

“after extensive sliding. A third factor is that it is assumed that all the heat is
carried away from the interface by conduction through the disk, whereas

some travels through the pin and some is convected away. This is seen most
clearly by noting that in initial tests the pin holder was made of copper, and
in this case the pins were distinctly cooler because heat could be more easily

-dissipated through the holder.

For our top current of 80 A, calculations indicate that at a speed of 77

"m s~ the mechanical and electrical energy inputs are equal. Almost all our

tests were done in a regime in which the electrical heating exceeded the
mechanical, so that the surface temperature—velocity function was negative.
The assumption that the contact between pin and disk was made at
only one junction proved surprisingly accurate, possibly because in many
cases a thermal patch as postulated by Burton [13] was formed. It should be

- noted that our pins were of 6 mm diameter. Presumably when brushes of

large area are used there are a sizable number of contacts, perhaps about 10
as assumed by Holm. This fragmentation of the contact area would reduce
the temperature at the interface to below the value given by eqn. (5).

b. Conclusion

This study started in an attempt to explain an anomaly, namely that in
studying the wear of current-carrying Ag-graphite contacts sliding against
copper, experiments at Massachusetts Institute of Technology (MIT) [14]
were producing more wear that was being experienced at Westinghouse (15],
even though our sliding speeds were much lower (4 m s~ at MIT as against
13 m s~ at Westinghouse). It is now clear that the experimental results are

perfectly logical in that the surfsce temperature and hence the wear, is
lowerat 13 m s~ thanat 4 ms™d
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Summary

When current flows through a contact spot heat is generated in the
constriction resistance and is then dissipated into the bulk of the conductors.
The generation depends on the electrical resistivity, and the dissipation on
the thermal conductivity; both of these vary with the local temperature. The
equilibrium temperature of the spot reflects the balance between these two
processes. For the graphite used for sliding brushes, the electrical resistivity,
after an initial decrease, is level or rises with temperature: by contrast the
thermal conductivity usually falls as the temperature increases. Consequent-
ly, as the current is increased and the temperature rises, more heat is
generated, but the conductive dissipation does not increase at the same rate.

A theoretical and experimental study of this behavior in graphite-to-
graphite and graphite-to-metal contacts is descrived in this paper. It shows
that for any given size of contact there is a maximum current which may be
passed safely. For currents greater than this critical value no thermal equilib-
rium is possible, and the temperature rises indefinitely until it is limited by
some other phenomenon, e.g. the disintegration of the contact interface due
to thermal shock.

Some observations on surface degradation in practical brushes are de-
scribed, and these are discussed in terms of this thermally unstable behavior.

1. Introduction

It is well known that current crosses an interface by flowing through
the tiny contact spots where the two conductors come into intimate contact.
The constriction as the current funnels through these spots gives rise to a
small extra resistance, called the constriction resistance, Heat generated in

*Paper presented at the Advanced Current Collection Couference, Chicago, IL,
U.8.A., September 23 - 25, 1981.

Elsevier Sequoia/Printed inr The Netherlands

o i i

JERSIRTY RN

v
S
=3




40

ISR N, R o A

this resistance by the current raises the temperature in the contact region,
and this can damage the interface. This basic picture is true both for static
contacts and for sliding current collectors.
The classical method of calculating the maximum temperature
rise developed in the constriction (the supertemperature T, ) uses the Koh!l-
rausch relation {1] !

Tm
U2=8 f Ao dT 1)
0

TR AT A A et et

30 AR e TP ANA AR

which gives it in terms of the voltage U between the conductors. Thisis a ;
straightforward relation, requiring as input the values of the electrical resis- :
tivity o, the thermal conductivity A and their variations with temperature. It
indicates that T, rises monotonically with U, The problem is that in i
practice current collectors do not have voltages applied across them: their ‘
impedances are insignificant, and consequently they have currents driven !
through them. The voltages developed across them are, like their supertem- ’
peratures, dependent variables. The distinction is important because an equa- ;_
tion linking two dependent variables tells us nothing about the stability of i
the relation.

In this paper we explore the dependence of the temperature on the :
independent variable, the current I, and show that for graphite collectors T, !
does not increase steadily as 7 rises: often there is a critical value of current
above which the temperature rises discontinuously.

> g+ A T

A T L R A A

IR S

2. Thermal balance in contact spots

The heat generated in the constrictior region is given by the square of
the current times the constriction resistance R. R itself depends on the resis-
tivity. Therefore for a given current the heat generated (HG) will vary with
the temperature in the same way that p varies with temperature. The exact
relation is complicated because the temperature is different from point to
point in the constriction, but it is clear that the HG varies with 7', in some
! manner such as that shown in Fig. 1(a), curve I;. (This curve gives the heat
F which would be generated in the contact region by a current Iy if the max-

|
)

imum temperature in the constriction were T,,.) Higher currents would
generate more heat: curves I, I3 etc.

By contrast, the dissipation of heat from the contact region into the
bulk conductors depends on the thermal conductivity and on how it varies
with temperature. For constant A, the heat dissipation (HD) will be propor-
tional to T),, as shown in Fig. 1(b). However, when, as is common in
graphite, A falls with increasing temperature, the HD cuxve will be as shown
by the broken line,

In practice, the current wili raise the temperature until the HD equals
the HG; the equilibrium temperature will be given by the intersection of the
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Heat Generation
Heat Dissipation
\

Supertemperature Supertemperature

(a) (b)

Fig. 1. (a) Representation of the way the supertemperature affects the heat generated by
currents flowing through a constriction resistance (the broken line is the heat dissipation,
and is superimposed to show the temperature at which there will be a thermal balance);
(b) the influence of the supertemperature on the heat dissipation from the contact region
(the full line is for a constant A; the broken line shows the effect when A falls as Ty,
increases),

HD-T,, curve with the appropriate HG-T,, curve, as illustrated by the
broken line transposed to Fig. 1(a) from Fig. 1(b). This graphical approach
shows immediately that, although at low currents the HD and HG curves

" intersect, there is in general a critical current above which the HG is greater
than the HD at all temperatures. This marks a discontinuity in the behavior
which is not revealed by the voltage—~temperature characteristic calculated
using the Kohlrausch relation. This current is the maximum which can be
passed through the collector in equilibrium; above it there is no thermal
balance and the temperature rises indefinitely. The maximum equilibrium
temperature is a function of the thermal variation in A and p: it is not asso-
ciated with any change of state.

3. Theoretical calculation of the supertemperature

The dependence of the supertemperature on the current, which is
implied by the points of intersection of the curves in Fig. 1(a), has been
treated theoretically by Greenwood and Williamson [2]. Unfortunately their
relation

Twm [ Tm -1/2
IRg = 2090 f ) f Ap dT) A dT' (2)

yields analytical solutions only when A and p vary with T in very simple
ways. However, it can be evaluated numerically for any material, using step
by step integration, provided that the variations in A and p with temperature
are known. Using this approach we have determined the current—
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temperature characteristics of the contact spots of several grades of graphite.
Rog is the “cold resistance” of the contact, i.e. that measured at an ambient
temperature of 20 °C using a current too small to cause any temperature rise
in the constriction. This factor can be used to normalize the current; the .
above relation then describes the behavior of any size of contact spot.

A typical result is shown in Fig, 2. At first the supertemperature rises
slowly, but above a few hundred degrees Celsius it becomes extremely
sensitive to changes in the current. A 50% increase in the current necessary
to produce a supertemperature of 400 °C will raise the temperature to
2000 °C; a further small increase will destroy the thermal balance and cause
the temperature to rise indefinitely. The cross marks the critical current and
the critical temperature, the most extreme case for which the curves in
Fig. 1(a) intersect. The section of the curve at higher temperatures than this,
i.e. with the negative slope, is unsiable. The behavior shown in Fig. 2 was
calculated for 8758 graphite. Closely similar characteristics have been
derived for 890S (3474D), ATJ and Acheson graphites. The A and p values
of these graphites all vary with temperature in broadly the same way. (Useful
publications on the resistivities and conductivities of graphites are given in
ref, 3.)

The exact variations in the conductivities, however, cannot be known
accurately. In polycrystalline graphite they are functions of the raw
materials, processing procedure, baking temperature and baking time. They
differ from one graphite to another, even from one batch to another; indeed
the high temperatures developed around the contacs spots may themselves
cause changes in the conductivity during the life of a brush. Nevertheless, the
important aspects of the relation between current and supertemperature, i.e.
the extreme sensitivity of the supertemperature to small changes in the
current and the thermal runaway above a certain maximum current, appear
to be independent of the detailed variation.

We have calculated the current—voltage ~supertemperature characteristics
for many different graphites, They all show a region in which the super-
temperature rises extremely rapidly for very small increases in the current,
and almost always there is some current level at which the thermal behavior
becomes unstable. In a few cases, where the resistivity fell sharply as the
temperature increased, the supertemperature rose very rapidly with the
cutrent but did not actually become unstable. Figure 8 shows the charactex-

istic calculated for an electrographitic material. The behavior is essentially
the same as that shown in Fig, 2,

4, Experimental observation of the critical current

The supertemperature cannot easily be measured experimentally, and
go it is moxe convenient to verily the theoretical predictions by observing the
way the current through the constriction depends on the voltage across it.
Just as there is a maximum value of the current in the -7, relation (as
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Fig. 2. The influence of the currsnt on the supertemperature at the interface between two
8768 graphite blocks, The current has been normalized by being multiplied by Rogp, and
consequently the graph is valid for any size of contact spot.

Fig. 8. The infiuence of the current on the supertemperature in an electrographitic
collector, '

shown in Figs. 2 and 3), so there is in the I-U relation [2]. The theory
predicts that when an increasing voltage is applied across the interface of a
graphite collector the current will rise to a maximum and then jall as the
voltage continues to increase. Using data for ATJ graphite the voltage corre-
sponding to the current maximum was calculated tobe2.7V,as shcwn in
Fig. 4.

A simple experlment was camied out in which two pieces of ATJ
graphite were brought into contact with a force sufficient to create contact
spots between them with a constriction resistance of approximately 0.1 Q.
A voltage was applied across the inierface and the resulting current was
observesd, It was found that-as the voltage rose, the current did indeed rise to
a maximum and then decrease. The egperiment was repeated many times,

to run; its average value was. 2 9.¢°0. 25 V which agrees well with the-
theoretical predwtmn o

5. Practical consxdemﬁ.wns

The phenomenon ;llustrated in Figs. 2 and & ultxmately sets a limit t@

_ the working current of & collect@r. and this may become . critical in the
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The voltage at which the current maximum occutred varied slightly from run
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